The knowledge of natural disturbance dynamics and preindustrial landscapes is essential to implement sustainable forest management. Recent findings identify the lack of a forest dynamics model, different from the standard cyclic model of Baskerville (1975. For. Chron. 51: 138-140), for balsam fir (Abies balsamea (L.) Mill.) ecosystems of maritime eastern Canada. With the use of historical forest maps and dendrochronology, we reconstructed the range of variability of the preindustrial landscape (6798 km 2 ) and inferred on the natural disturbance dynamics of the balsam fir forest of Anticosti Island. The preindustrial landscape was characterized by a forest matrix of overmature softwood stands with inclusions of younger softwood stands ranging from 0.1 to 7837 ha in size. Widespread stand-initiating events were apparently rare in the preindustrial landscape over the last 160 years. Since our results were not well represented by the cyclic model, which predicts the occurrence of a mosaic of stands in different age classes, we proposed an alternative forest dynamics model for eastern balsam fir ecosystems near the Gulf of St. Lawrence. Forest management inspired by this alternative model may be more appropriate to maintain or restore ecological characteristics of balsam fir forests of this region within their range of natural variability.
Introduction
Understanding natural disturbance dynamics and acquiring knowledge on the range of variability of preindustrial landscapes are important for the restoration or the management of forest ecosystems toward their natural variability (White and Walker 1997; Gauthier et al. 2008; Lindenmayer et al. 2008; Shorohova et al. 2009 ). In fire-prone boreal ecosystems, such reconstructions have been undertaken (Engelmark 1984; Bergeron et al. 2002; Gromtsev 2002) . However, in regions where fire is not the sole ecological driver of forest dynamics, the development of forest dynamics models is still necessary. For balsam fir (Abies balsamea (L.) Mill.) ecosystems of eastern Canada, Baskerville (1975) proposed a self-regulating cyclic model where recurrent widespread stand-initiating spruce budworm (Choristoneura fumiferana (Clem.)) outbreaks kill mature balsam fir stands while promoting new even-aged stands by releasing a preestablished balsam fir seedling bank. This disturbance regime produces a fine-grained landscape mosaic where a majority of even-aged balsam fir stands of different size and age are intermixed (Leblanc and Bélanger 2000; Belle-Isle and Kneeshaw 2007) .
Recent studies in maritime areas of eastern Canada (Gaspé Peninsula and Newfoundland) revealed the occurrence of natural landscapes where even-aged stands were not frequent and scarcely distributed in a forest matrix of overmature balsam fir stands (Dallaire 2004; McCarthy 2004) . There is evidence that the severity of insect disturbances in these maritime areas was much lower than in continental areas (Blais 1983; Gray et al. 2000; Williams and Birdsey 2003) . In western Newfoundland, Jardon and Doyon (2003) described the occurrence of light to moderate se-verity outbreaks, which were prone to create multicohort stands, while McCarthy (2004) described a primary balsam fir ecosystem with rare stand-initiating events. These findings stress the need for a conceptual forest dynamics model that is different from the cyclic mosaic model (Baskerville 1975; Leblanc and Bélanger 2000) and better suited to describe the natural disturbance dynamics shaping balsam fir forests around the Gulf of St. Lawrence. On Anticosti Island, located in the Gulf of St. Lawrence, fires are historically rare events ) and primeval balsam fir forests are still present. Primeval balsam fir forests are the prevalent forests of natural origins in which chronic browsing by deer has not altered the development of canopy trees. Hence, the island represents an opportunity to verify, on a large scale, the need for the development of an alternative forest dynamics model for balsam fir forests located in the perhumid boreal ecoclimatic region of Canada (Groupe de travail sur les écorégions (GTE) 1989; Fig. 1 ).
However, Anticosti Island also holds a very large whitetailed deer (Odocoileus virginianus Zimmermann) population (>20 deer/km 2 locally; Rochette and Gingras 2007) originating from the introduction of 150-220 deer between 1896 and 1897. Since the 1930s, the population of deer has been important enough for chronic browsing to inhibit the recruitment of balsam fir and deciduous species (Potvin et al. 2003) . This browsing pressure threatens to eradicate the remaining primeval balsam fir stands within the next 50 years (Potvin et al. 2003) . Consequently, before this forest is lost due to chronic browsing, the general objective of this study is to assess, on a large scale, the past natural disturbance dynamics. We predict that it will be better described by an alternative forest dynamics model than by the cyclic mosaic model. Acquiring knowledge on the natural disturbance dynamics and the range of natural variability was challenging, not only because of deer browsing but also because historic and ongoing forest management has altered the preindustrial landscape of Anticosti Island (Potvin et al. 2003; Beaupré et al. 2004 ). In the absence of preindustrial forest landscapes, the use of reconstructive methods is recognized as a valid approach to assess the natural variability of forest ecosystems (Foster et al. 1996; Landres et al. 1999; Kuuluvainen 2002) . Therefore, with the use of historical forest maps and dendrochronology (Frelich and Reich 1995; Weir and Johnson 1998; Axelsson and Ö stlund 2001; Etheridge et al. 2006) , we aim to reconstruct the range of variability of the preindustrial landscape of Anticosti Island and infer on the natural disturbance dynamics. These results and their interpretations will be discussed in the context of conservation of forest ecosystems.
Materials and methods

Study area
Anticosti Island (7943 km 2 ) is located in the Gulf of St. Lawrence (49828'N, 63800'W) ( Fig. 1 ) and is part of the perhumid midboreal ecoclimatic region of Canada (GTE 1989) . The island is part of the eastern balsam fir -paper birch (Betula papyrifera Marsh.) bioclimatic subdomain of Quebec (Saucier et al. 2009 ). Mean annual temperature is 2 8C and mean annual precipitation is 907 mm (Environment Canada 1982) . Large-scale natural disturbances comprise fire, blowdowns, and spruce budworm and hemlock looper (Lambdina fiscellaria (Guen.) outbreaks (Jobin 1980; Martel 1999; Chouinard and Filion 2005) . For the analysis of the historical data, the study area (6798 km 2 ) included 14 historical forest management blocks (Figs. 1A and 2). Sampling of dendrochronological study plots was restricted to the western half of the island where the concentration of primeval balsam fir stands was highest.
Historical data
To describe the structure and composition of the preindustrial landscape, 14 historical forest maps (mean area = 494 km 2 , 1:31 680 scale) (Figs. 1A and 2) of stand age class were analysed (Royer 1956a) . The corresponding summary sheets of stand area records were divided by age class and stand type (Anctil 1957) . Only the historical maps that had not experienced industrial logging for timber or pulpwood prior to their creation were included in the analyses (Fig. 1A ) (Royer 1956a (Royer , 1956b Lejeune and Dion 1989) . The spatial distribution of logging operations was verified using historical maps of roadways and cutover areas (Royer 1956b) . Each forest map corresponded to a management block, which was subdivided into 13-28 management compartments (n = 305, mean area = 23 km 2 ). Delimitation of the historical management blocks and compartments reflects the boundaries for the watersheds of the main rivers on Anticosti Island. Accordingly, the management blocks were designated by the names of these rivers. The historical maps included seven age class groups that corresponded to successional stages (0-burn, 1-20, 21-40, 41-60, 61-80, 81-100 , and 101 years) and three nonforest cover types (barren, muskeg, and water). Stands in age classes 100 years had regular and homogenous stand characteristics (e.g., density and height: Ronald Dixon, personal communication Luc Généreux, personal communication (2009) ). Hence, these younger stands were most probably generated by a main stand-replacing disturbance that occurred <100 years before the production of the historical maps. However, it was not specified how much older than 100 years were stands in age classes 101 years. These older stands most probably have experienced secondary disturbances, since breakup of balsam fir stands begins at around the age of 90 years (McCarthy and Weetman 2007) . In this region, insect defoliation can result in stand-replacing disturbances that release preestablished balsam fir and white spruce (Picea glauca (Moench) Voss) regeneration (age classes 100 years) or result in moderate to light disturbances that contribute to shape multicohort stands (age classes 101 years) (Jardon and Doyon 2003; McCarthy 2004; McCarthy and Weetman 2007) . The three stand types found in the summary sheets were softwoods ( 75% softwood species), mixedwoods (26%-74% softwood), and hardwoods ( 75% hardwood). Consolidated Paper Corporation Ltd. originally made these forest maps for their general forest management plan of 1956 produced for all of their forest concessions. The plans were made to describe the existing forest landscape and determine the sustainable annual allowable cut to support the company's 10-year pulpwood cutting programs (Bubie 1958) .
The stand age class maps (1956) were generated following photointerpretation of aerial photographs (1:9600 scale) taken in 1945. Information gathered on field surveys, carried out in 1953 for the western part of the island and in 1956 for the eastern part, was used to help determine and validate stand age classes on the aerial photographs (Fortin 1954; Royer and Grondin 1960) . In the process of photointerpretation, the main topographical features, such as lakes, rivers, creeks, heights of land, cliffs, etc., were outlined on the photographs. The photographs were then interpreted and the contours of forest stands, recent windfall, barren, recent burns, etc., were outlined on the photographs. Forest stands were photointerpreted for forest type and age and density classes. All of the information extracted from the photographs regarding topography and forest conditions was then transferred to the base map with the sketchmaster prior to the field operations (Royer and Grondin 1960) . Up to 2% of the area of the compartments was sampled (Ronald Dixon, personal communication (2006); Luc Généreux, personal communication (2009) ) in 1/5 acre (809 m 2 ) rectangular cruise plots that were each 6 chains (120.7 m) long by 1/3 chain (6.7 m) wide (Fortin 1954) . In each plot, the diameter at breast height (1.3 m) (DBH) and species of all trees with DBH 4 in. (10.2 cm) were tallied and cored at DBH for age determination (Fortin 1954) . According to Fortin (1954) , these plots have been laid out at preselected locations at irregular intervals along cruise lines of irregular bearings to provide representative tree tallies in a weighted distribution of forest stands for forest type and age class according to their importance. Information on the area that had been burned by a major fire, which occurred in 1955, was also available, since the contours of the fire were superimposed on the stands that had already been mapped from the aerial photographs of 1945, the oldest set from the island (Luc Généreux, personal communication (2007) ). The historical forest maps (Royer 1956a (Royer , 1956b , the corresponding summary sheets (Anctil 1957) , and the explanatory documents (Fortin 1954; Bubie 1958; Royer and Grondin 1960) were all found in the private archives of Abitibi-Bowater (Grand-Mère, Québec). The usual high quality of historical forest data produce by forest companies has been recognized by many authors Axelsson and Ö stlund 2001; Etheridge et al. 2006 ). For instance, Boucher et al. (2006) used additional information (aerial photographs of 1941) to validate older historical forest maps (1930) and found a high similarity (77%-95%) between the two sour- ces. In our case, we did not find additional information allowing further validations of the historical forest maps.
Landscape analysis
Age structure and composition of the preindustrial landscape were described using stand age class by stand type distribution. To illustrate the variability in the occurrence of each stand age class and type, we also determined their relative abundance at two smaller scales, i.e., in each historical block and compartment. Based on the variability observed at the scale of the 305 compartments, we calculated ranges of natural variability for each stand age class and type (Barrette and Bélanger 2007) .
To describe the spatial structure of the preindustrial landscape, we georeferenced the scanned historical maps and digitized in vector format all polygons, which corresponded to stands belonging to age classes between 0-100 years, using ARCMAP (ARCGIS version 9) (ESRI 2004). All polygons were analysed by age and size class with Patch Analyst version 3 (Elkie et al. 1999; Etheridge et al. 2006 ). In the ARCVIEW 3.1 interface (ESRI 1998), Patch Analyst produces spatial statistics generated by FRAGSTATS (McGarigal et al. 2002) . We define a ''patch'' as a continuous polygon, which represents a stand of 100 years old or less, as drawn on the historical maps independently of the boundary of the maps. We generated one area metric, three patch density and size metrics, one shape metric, and two interspersion metrics. Interspersion metrics were calculated from a grid theme, with a pixel size of 1 ha, which was obtained from the conversion of the original vector theme. We used the interspersion juxtaposition index to determine if patches were distributed evenly or unevenly in the landscape. To better illustrate area, patch density, and size metrics, we produced the distribution of number and area of patches by 100 ha size classes.
Field sampling and laboratory procedures
To describe the natural disturbance dynamics, a field survey was conducted in the remaining primeval balsam fir stands of the island for subsequent dendroecological disturbance reconstruction (Fig. 1A) . To select the stands, from all stands preliminary numbered, a stratified random sampling method was used. The method was based on age and composition of stands as well as on sector of study area, equally dividing the length of the western half of the island. Sampling of dendrochronological study plots was restricted to the western half of the island, where the highest concentrations of primeval balsam fir stands (age classes 90 years) could be found, according to the latest numerical forest maps of the Ministère des Ressources naturelles et de la Faune du Québec (MRNFQ). These maps were made following the interpretation of aerial photographs taken in 1997-1998.
We sampled mature and overmature stands to better link our field data to the two oldest historical stand age classes (81-100 years, n = 2; >100 years, n = 3) and also because these stands allowed the longest dendrochronological reconstruction. Moreover, mature and overmature stands are the only ones on the island still containing canopy trees that have grown without the effect of deer browsing. A rectangular plot (400 m 2 , 50 m Â 8 m) was positioned along a bearing that ran across the longest dimension of each sampled stand. In each plot, we felled all trees of DBH > 9.1 cm. Cross sections from the boles of all live and dead trees were sampled at ground level (0.1 m), 0.5, 1.3, and 2 m and at each subsequent 1 m in the entire area of the plots older than 100 years and over half the area (50 m Â 4 m) of the 81-to 100-year-old plots.
The cross sections were dried and finely sanded. They were then cross-dated using two radii from the lowest cross section of each tree and one radius from higher cross sections with the pointer-year method (Yamaguchi 1991) . We cross-dated our ring width series against known pointer years determined by Chouinard and Filion (2005) from samples collected on Anticosti Island. We measured the treering widths on the two radii from the lowest cross section with a Velmex (Bloomfield, New York) micrometer (0.001 mm precision) connected to a computer and validated the cross-dating with the program COFECHA (Holmes 1983) .
Dendrochronological analysis
Since hemlock looper and spruce budworm outbreaks were identified as an important disturbance factor of the forest landscape of Anticosti Island (Jobin 1980; Martel 1999; Chouinard and Filion 2005) , we used dendrochronology methods to identify tree-ring growth patterns that could be associated with insect defoliation within the five primeval balsam fir stands that we sampled.
To remove trends in the radial growth patterns that were related to tree age and site, we standardized the raw treering chronologies with the program ARSTAN (Cook and Holmes 1999) . In ARSTAN, we fitted a cubic spline function with a length of 60 years to the data with a 50% frequency response cutoff (Bouchard et al. 2006 ). We produced a mean standardized chronology from all balsam fir (n = 251 radii from 140 trees) and white spruce (n = 14 radii from eight trees) of the five plots pooled together by averaging the tree-ring index chronologies using a biweighted robust mean (Cook and Holmes 1999) . We also produced mean standardized chronologies by plot for balsam fir. Before standardization, we removed saplings and treering series with a low correlation from the analysis to optimize the detection of landscape-scale disturbances.
To identify tree-ring growth patterns that could be associated with insect defoliation within the time span of the historical data (1845-1945), we compared our host (balsam fir and white spruce) mean standardized chronologies with a nonhost (jack pine (Pinus banksiana Lamb.)) chronology. We constructed the nonhost chronology from 11 jack pines in the same fashion as for the host species. The jack pine samples were randomly sampled in the Quebec North Shore region (50800'N, 68800'W), located~250 km from Anticosti Island, by Bouchard and Pothier (2010) . We chose jack pine as a nonhost species because its growth is rarely affected by spruce budworm (Simard and Payette 2001) , while it has a response to climate similar to that of balsam fir and white spruce (Tardif et al. 2001) . Moreover, 80% of the jack pine samples grew in the same ecoclimatic region as the balsam fir and white spruce sampled on Anticosti Island (MBp) (Fig. 1B) . Accordingly, balsam fir and jack pine chronologies had a year to year agreement of 62% (Gleichlaufigkeit index of similarity) when periods of growth reduction potentially caused by insect defoliation were removed. This correlation indicated that radial growth of host and nonhost species reacted similarly to climatic conditions Chouinard and Filion 2005) . We used the host versus nonhost chronologies to visually distinguish U-or Vshaped growth reductions in the host chronologies that were potentially caused by insect defoliation from those caused by climatic factors . We further analysed tree-ring growth reductions using the program OUTBREAK (Holmes and Swetnam 1996) with the jack pine chronologies as a control. According to Martel (1999) , tree mortality during a hemlock looper outbreak can occur after only 1-3 years of defoliation. Hence, to register growth reductions possibly caused by defoliation from hemlock looper or spruce budworm within OUTBREAK, we interpreted a significant growth reduction in the host chronologies when it lasted 3 years and included at least 1 year with an index value more than 1.28 standard deviations below the mean (Bouchard et al. 2006) . We interpreted important growth reduction periods from the proportion of trees with significant growth reduction during a given 10-year period and chose the year where the growth was lowest as a reference for the growth reduction period (Bouchard et al. 2006) .
Results
Preindustrial landscape structure and composition
A matrix of stands that were >100 years old occupied 75% of the forest area or 63% of the total area in the preindustrial landscape (Fig. 3) . Recent burns and stands in the 81-to 100-year-old age class both occupied 10% of the forest area, while stands in the other age classes collectively covered <5%. The resulting stand age class structure followed a positive exponential distribution (Fig. 3) . Variability analysis revealed that stands >100 years old could occupy 5%-100% of the total area of the historical management compartments (n = 305 watersheds, mean area = 23 km 2 ), but they covered >60% of the area in 74% of the compartments (Fig. 4) . Variability at the scale of historical management blocks (n = 14 watersheds, mean area = 494 km 2 ) was lower and stands >100 years old always covered >50% of the total area, except for the Potatoe and Wickenden management blocks burned in part by the 1955 fire (Fig. 5) . The occurrence of stands of 81-100 years old also demonstrated variability; however, 85% of the compartments had <25% of their total area covered by stands in this age class. Stands in the other age classes (0-burn, 1-20, 21-40, 41-60, and 61-80 years) showed little variability at the management compartment scale and all had steeply negative exponential distributions with a median of zero (Fig. 4) . Muskegs occupied 13% of the study area, while water and barrens, respectively, covered 3% and <1%.
A matrix of stands of the softwood type occupied 83% of the forest area or 70% of the total area (Fig. 3) . Stands of the mixedwood type covered 6% of the forest area, while stands of the hardwood type were rare and primarily found within the 61-to 81-year-old age class. At the scale of the historical management compartment, variability in the relative abundance of stands of softwood and mixedwood types was moderate (Fig. 6) . Stands of the softwood type occupied >70% of the total area in 76% of the historical management compartment, while stands of the mixedwood type covered <20% of the total area in 90% of the compartments (Fig. 6) .
Based on the variability observable at the scale of the historical compartments, we calculated ranges of variability for each stand age class and type ( Table 1 ). The range of variability included 66% of the observations and was centred on the median relative abundance (17th to 83rd percentiles) to better describe the skewness of the distribution of the 305 observations (Figs. 4 and 6) . We interpret the median relative abundance as the natural tendency of the observations within the range of natural variability. The range of natural variability for overmature stands (>100 years old) and that for stands of the softwood type were both positioned above a threshold of 55% of the total area, while ranges for all other stand age classes or types were found below a threshold of 15% of the area (Table 1) .
Landscape metrics and distributions of patches of young stands in the overmature forest matrix
The distribution of the number of patches (i.e., continuous polygons representing stands 100 years old) in the overmature forest matrix followed a negative exponential curve, with 99% of the patches <1000 ha in size and 94% of the patches <100 ha ( Fig. 7 ; Table 2 ). The distribution of patch areas would have roughly followed the same curve if we had removed an outlier patch (52 681 ha) representing most of the area burned by the 1955 fire ( Fig. 8; Table 2 ). If we include patches from the 1955 fire, patches that were 1000 ha occupied 11% of the total area, while patches ranging from 100 to 999 ha and ones from 0 to 99 ha covered 5% of the area. When calculated by patch age class, patches of the 81-to 100-year-old age class were the most abundant and comprised 59% of the total number of patches and 44% of the total area covered by patches (Table 2) . When calculated by patch size class for all patches except those of the 1955 fire, large patches had a more complex shape than did smaller patches (Table 2 ). In contrast, patches of the 1955 fire, which was mainly composed of one huge patch, had a simple shape. Finally, within a time frame of 100 years, the spatial distribution of large patches was irregular within the overmature forest matrix and the mean distance to the nearest neighbouring patch in the same size class was almost 10 km (Table 2) . Patches within smaller size classes were nearer to one another and were distributed more evenly across the landscape.
Growth reduction periods within the time span of the historical data
Using the mean standardized host versus nonhost chronologies, we identified seven growth reduction periods that could be associated with insect defoliation within the time span of the historical data (1845-1945). These growth reduction periods occurred around 1854, 1880, 1894, 1905, 1915, 1928, and 1936 (Fig. 9) . The seven growth reduction periods may coincide with the 81-to 100-, 61-to 80-, 41-to 60-, 21-to 40-, and 1-to 20-year-old historical age classes, which, respectively, occupied 10%, 2%, 0.4%, 0.1%, and 1% of the forest area ( Fig. 3; Table 2 ). The intensity of the growth reductions seems to have been variable but generally of moderate to low intensity. Furthermore, growth reductions were mostly localized, since they were generally not observed in all plots. The growth reduction period of 1936 was observed in the chronology constructed from the trees of the five plots pooled together in which it affected 76% of all balsam fir trees (n = 140) and 88% of all white spruce trees (n = 8) (Fig. 9 ). This growth reduction period was visible in the individual balsam fir chronologies of plots 1, 2, 4, and 5 (Fig. 9a) . The growth reduction period of 1928 was apparent only in the white spruce chronology that had been constructed from all trees pooled together and affected 50% of them (Fig. 9A) . The growth reduction period of 1915 was visible only in the balsam fir chronology where it affected 15% of all trees and was perceptible in the individual chronologies of plots 1, 3, and 4. The growth reduction period of 1905 was also only observable in the balsam fir chronology where it affected 75% of all trees and was apparent in all individual balsam fir chronologies, except for that of plot 2 (Fig. 9A) . The growth reduction period of 1894 was visible in both the balsam fir and white spruce chronologies where it, respectively, affected 57% and 25% of all trees. The 1894 growth reduction was mainly apparent in the individual chronologies of plots 1 and 5. The growth reduction of 1880 was also visible in both balsam fir and white spruce chronologies where it, respectively, affected 46% and 50% of all trees. This growth reduction period was noticeable in plots 2 and 5. Finally, the growth reduction of 1854 was again apparent in both host chronologies where it affected 75% of all balsam fir trees and 60% of all white spruce trees. However, only the individual balsam fir chronology of plot 5 dated back far enough to encompass this period (Fig. 9A) .
Discussion
Preindustrial landscape composition, spatial structure, and natural disturbances A forest matrix of overmature softwood stands with spaced inclusions of younger softwood stands, which ranged from 0.1 to 7837 ha in size, characterized the preindustrial landscape of Anticosti Island. Even if the species composition and age structure of stands were not specified in our historical data, we interpret that most overmature softwood stands were balsam fir stands (Potvin et al. 2003 ) of multicohort age structure, since stand breakup of balsam fir stands usually begins at around 90 years of age (McCarthy and Weetman 2007) . Although growth reductions resulting from insect disturbances probably occurred, the landscape structure that we have described for Anticosti Island is not well represented by the cyclic model (Baskerville 1975) , which is usually recognized to illustrate the disturbance dynamics taking place in the eastern balsam fir ecosystem (MacLean 1984; Morin 1994 ). According to the standard cyclic model, recurrent and widespread stand-initiating spruce budworm outbreaks generate a landscape with a mosaic-type spatial structure where stands of different age and size ( 85 ha) are intermixed (Leblanc and Bélanger 2000; BelleIsle and Kneeshaw 2007) . Hence, our prediction was apparently verified, and therefore, we propose an overmature matrix forest dynamics model that would be better suited to describe the natural disturbance dynamics shaping perhumid balsam fir ecosystems located around the Gulf of St. Lawrence (Fig. 1B) . According to this model, widespread standinitiating insect outbreaks would be rare events, which would allow the occurrence of a matrix of overmature balsam fir stands. Stand-initiating disturbances would generate spaced inclusions of younger even-aged balsam fir stands in the matrix. Finally, the frequent occurrence of light to moderate insect outbreaks would contribute to shaping a multicohort structure in the balsam fir stands (Jardon and Doyon 2003) of the overmature matrix.
Concordantly with the occurrence of a matrix of overmature softwood stands, widespread stand-initiating events did seem to have been rare events in the preindustrial landscape of Anticosti Island over the last 160 years. From 1845 to 1957, 25% of the forest area was affected by stand-initiating disturbances, which corresponds to a yearly stand-initiating disturbance rate of 0.22%, but only of 0.13% if we do not consider known fire disturbances. Based on our dendrochronological data, we determined the occurrence of seven growth reduction periods that could have been associated with insect defoliation around 1854, 1880, 1894, 1905, 1915, 1928, and 1936 . However, according to our historical data, these probable insect outbreaks could not have initiated new stands on more than 15% of the forest area, which corresponds to the area covered by the historical age classes of 1-20, 21-40, 41-60, 61-80 , and 81-100 years. The seven growth reduction periods that we have recorded have been associated with insect outbreaks in other studies in regions bordering the Gulf of St. Lawrence. The occurrences on Anticosti Island of a severe hemlock looper outbreak (1320 km 2 ) around 1936 and a moderate one (314 km 2 ) between 1923 and 1928 have already been documented (Jobin 1980; Martel 1999; Chouinard and Filion 2005) . In contrast, and according to our historical data, the 1936 hemlock looper outbreak did not seem to have been severe, since the corresponding historical age class (1-20 years) covered only 1% of the forest area. Before the 1920s, no other insect outbreak of any type had been identified on Anticosti Island. Nevertheless, a growth reduction period that occurred around 1915 was associated with a spruce budworm outbreak of moderate severity on the Quebec North Shore (De Grandpré et al. 2004; Bouchard and Pothier 2010) and of light severity in the Gaspé Peninsula (Blais 1983) . It also was associated with a moderate hemlock looper outbreak in Newfoundland (Jardon and Doyon 2003) . Regionally, a growth reduction period occurring around 1905 was recorded in Newfoundland (Jardon and Doyon 2003) and on the Quebec North Shore (De Grandpré et al. 2004 ). Jardon and Doyon (2003) observed a growth reduction period around 1892 and 1882 in Newfoundland, while Bouchard and Pothier (2010) associated a growth reduction period around 1880 to a spruce budworm outbreak on the Quebec North Shore. Similarly, the 1854 growth reduction period on Anticosti Island was also observed by Jardon and Doyon (2003) in Newfoundland. According to our historical data, only the 1854 growth reduction period seems to correspond to a widespread stand-initiating insect outbreak, since stands in the historical age class of 81-100 years (i.e., originating between 1845 and 1864) covered 10% of the forest area, while stands of historical age classes of 1-20, 21-40, 41-60 , and 61-80 years pooled together covered <5% of the forest area. If we include a more recent period , no other insect outbreak event comparable in severity with the one of 1854 occurred on Anticosti Island before the hemlock looper outbreak of 1974 (Jobin 1980; Martel 1999) . The 1974 outbreak initiated new stands on about 12% of the forest area (Beaupré et al. 2004 ). This gap of 120 years, between the 1854 disturbance and the 1974 outbreak, was similarly described by Blais (1983) for the Quebec North Shore where the widespread budworm outbreak of the 1970s was the first one of such severity for a period of at least 130 years.
On a regional scale, the colder climate of the perhumid midboreal ecoclimatic region (GTE 1989) may explain the Table 1 . Range of natural variability and natural tendency for each stand age class and type calculated from the variability observable at the scale of the historical management compartments used to describe the preindustrial landscape of Anticosti Island, Quebec, Canada.
Proportion of total area (%)
Range of natural variability a Natural tendency b Stand age class (years)
Overmature ( rare occurrence of widespread stand-initiating insect outbreaks within the balsam fir -paper birch forest of Anticosti Island (Blais 1968; Candau and Fleming 2005) . Cool wet weather can compromise insect development and contribute to population collapse (Blais 1968; Gray et al. 2000) . In the perhumid midboreal ecoclimatic region, there is one less month without frost and the mean annual temperature is 3.6 8C lower than in the perhumid low-boreal ecoclimatic region (GTE 1989) . In the latter region, which is farther from the Gulf of St. Lawrence, widespread stand-initiating insect outbreaks are not rare events and the standard cyclic model applies. The forest matrix of overmature balsam fir stands described by Dallaire (2004) , which partly inspired our overmature matrix model, was located in the perhumid low-boreal ecoclimatic region. However, the study sites of Dallaire (2004) were located at high altitudes (600-800 m) where the climate is colder, which seemed to have contributed to lowering the severity of spruce budworm outbreaks (Dansereau 1999) . The colder climate of the perhumid midboreal ecoclimatic region (GTE 1989) may also explain the Note: AWMSI, area-weighted mean shape index, AWMSI = 1 when all patches are circular; MNN, mean nearest-neighbour distance; IJI, interspersion juxtaposition index, IJI approaches zero when patch adjacency becomes uneven and 100 when all patch types are equally adjacent. Includes only patches of age classes 1-20, 21-40, 41-60, 61-80, and 81-100 years. c Calculated from the agglomeration of three of the eight patches <150 m distant from each other.
higher outbreak recurrence of hemlock looper compared with spruce budworm on Anticosti Island since the 1920s (Martel 1999; Chouinard and Filion 2005) . Hence, the growth reduction periods that we have associated with the occurrence of insect defoliation before the 1920s may be attributable to hemlock looper instead of spruce budworm. Hemlock looper infestations are generally associated with regions with maritime climates (Jobin 1980) , while the climate of Anticosti Island could be considered marginal for the occurrence of recurrent widespread stand-initiating spruce budworm outbreaks (Blais 1985; Gray et al. 2000) . Growth reduction periods in paper birch chronologies, which is a host of hemlock looper but not of spruce budworm, from Anticosti Island (Martel 1999) and from Newfoundland (Jardon and Doyon 2003) occurred synchronously with the growth reduction periods that we have identified around 1854, 1880, 1893, and 1914. In both of our data sources, we were not able to distinguish disturbances specifically caused by blowdown alone. Considering that balsam fir stands are more vulnerable to blowdowns following insect outbreaks (Leblanc and Bé-langer 2000) , it is inevitable that some of the 0-to 100-year-old stands found in the historical maps originated from blowdown alone or in interaction with insect defoliation. Stand-replacing blowdowns do occur on Anticosti Island, notably in 1996 when a blowdown disturbed 6070 ha of forest in patches ranging from 0.1 to 171 ha in size. In the eastern region of Gaspé Peninsula, blowdowns were the determinant natural disturbance shaping the preindustrial landscape (Lévesque 1997) , while they are second in importance to insect outbreaks in Newfoundland (Thompson et al. 2003) .
A forest matrix of overmature softwood stands and a forest age class structure following a positive exponential distribution suggest the occurrence of a long fire cycle (Bergeron and Dansereau 1993) . Furthermore, the area occupied by small (1-99 ha) and medium-sized inclusion patches (100-999 ha) was equivalent to the area occupied by large inclusion patches ( 1000 ha), which contrasts with a firemediated landscape where the vast majority of the disturbed area is burned by a few large fires ). Lavoie et al. (2009) proposed that fires were rare local events on Anticosti Island during the Holocene. Accordingly, the fire cycles that were determined in regions near our study area ranged from 250 to >500 years (Foster 1983; Lévesque 1997; Bouchard et al. 2008) . Moreover, the fact that the younger inclusions in the forest matrix were mainly stands of the softwood type is a strong indication that the landscape was generally perturbed by disturbance types other than fire. Effectively, fire is more likely to kill advance conifer regeneration and promote the establishment of hardwood pioneer species (Bergeron and Dansereau 1993) in balsam fir forests.
In conclusion, our methodological approach can also be useful for the reconstruction of the preindustrial variability of other ecosystems. Notably, we have exemplified the use of historical forest data coming from pulp and paper forest companies to describe preindustrial ecosystems on wide areas coupled with the use of dendrochronological data of actual stands that have experienced few or no logging to cross-validate the historical records.
Implications for conservation of forest ecosystems
Forest management inspired by the cyclic model will generate an important conservation issue in balsam fir ecosystems located around the Gulf of St. Lawrence by reducing the occurrence of overmature primeval balsam fir stands below their range of natural variability. This issue is magnified on Anticosti Island, since the remaining primeval balsam fir forest, an essential winter deer habitat on the island, may be eradicated in <50 years because of chronic deer browsing (Potvin et al. 2003) . To preserve moderate to high deer densities needed for high-quality hunting, an island-wide deer habitat restoration plan, inspired by the standard cyclic model plan, has been implemented (Beaupré et al. 2004 ). According to the restoration plan, around 150 fenced cut- blocks (3-15 km 2 ) are planned over the next 70 years, which should generate a landscape spatial structure of mosaic type where even-aged balsam fir stands of different size and age are intermixed (Beaupré et al. 2004) . However, following the new knowledge acquired from our study, it may appear more appropriate to review the deer habitat restoration plan and to base it on the overmature matrix model to restore balsam fir forests toward their range of natural variability. Moreover, the implementation of the restoration plan, inspired by the cyclic model, accelerates the deer-induced eradication process of the primeval balsam fir forests because of the clearcutting rate contributing to the inversion of the overmature matrix to one constituted by young stands. Hence, the occurrence of overmature primeval balsam fir stands below their range of natural variability generates an important conservation issue because they are distinct from silviculturally mature second-growth balsam fir stands (Thompson et al. 2003; Desponts et al. 2004) . Overmature primeval balsam fir stands are a distinct ecosystem because they represent an ecological entity with a specific physiology, structure, and function that results in the occurrence of a higher species diversity of mosses, liverworts, lichens, and saprophytic fungi (Thompson et al. 2003; Desponts et al. 2004) . To meet the criteria of sustainable forest management for the conservation of biological diversity (Food and Agriculture Organization 2001), the restoration plan has to address the conservation issue of overmature primeval balsam fir stands. The retention of 30% of habitat could be viewed as a prudent threshold to minimize local extinction of specialized species (Fahrig 2003) . In this regard, we recommend maintaining 22% of the forest area (30% of the natural tendency of overmature stands, i.e., 73%) in patches of overma- ture primeval balsam fir stands. These forest refuges should be large enough and of a form that minimizes edge effects to constitute a core area of forest interior habitat able to maintain or restore the diversity and abundance of species usually harboured by overmature primeval stands (Desponts et al. 2004; Ries et al. 2004) . Since the deer habitat restoration plan aims to maintain a moderate to high deer density, it is probably necessary to fence these refuges of overmature primeval stands permanently within a network of small-scale protected areas.
Forest dynamics on Anticosti Island share some similarities with maritime moist forests of boreal Eurasia less prone to fires and where small-scale disturbances can be a major ecological driver (Gromtsev 2002; Caron et al. 2009; Shorohova et al. 2009 ). For instance, both Shorohova et al. (2009) and Caron et al. (2009) acknowledged the existence of forests in quasi-equilibrium driven by continuous small-scale disturbances and recognized these natural dynamics as a major ecological driver of pristine Eurasian boreal forests. Such matrix disturbances, as conceptualized by Lewis and Lindgren (2000) , slowly modify the forest matrix over a long time period. In our study, we have proposed that matrix disturbances shape 75% of the forest area on Anticosti Island. Caron et al. (2009) specified that quasi-equilibrium forest dynamics could be destabilized by infrequent (~200 years) large-scale disturbances, which is also similar to the occurrence of widespread stand-initiating insect outbreaks on Anticosti Island (~120 years). The importance of insect disturbances is, however, less explicit in boreal Eurasian studies, possibly in part because knowledge on their influence on forest landscapes is still in acquisition (Gromtsev 2002; Shorohova et al. 2009 ). In conclusion, the overmature matrix model that we have proposed could also have management implications in parts of maritime moist forests, less prone to fires, of boreal Eurasia (Gromtsev 2002; Caron et al. 2009; Shorohova et al. 2009 ).
